Polar bears (Ursus maritimus) from East Greenland and Svalbard exhibited very high concentrations of polychlorinated biphenyls (PCBs) in the 1980s and 1990s. In Svalbard, slow population growth during that period was suspected to be linked to PCB contamination. In this case study, we explored how PCBs could have impacted polar bear population growth and/or male reproductive success in Svalbard during the mid-1990s by reducing the fertility of contaminated males. A dose-response relationship linking the effects of PCBs to male polar bear fertility was extrapolated from studies of the effects of PCBs on sperm quality in rodents. Based on this relationship, an individualbased model of bear interactions during the breeding season predicted fertilization success under alternative assumptions regarding male-male competition for females. Contamination reduced pregnancy rates by decreasing the availability of fertile males, thus triggering a mate-finding Allee effect, particularly when male-male competition for females was limited or when infertile males were able to compete with fertile males for females. Comparisons of our model predictions on age-dependent reproductive success of males with published empirical observations revealed that the low representation of 10-14-year-old males among breeding males documented in Svalbard in mid-1990s could have resulted from PCB contamination. We conclude that contamination-related male infertility may lead to a reduction in population growth via an Allee effect. The magnitude of the effect is largely dependent on the population-specific mating system. In eco-toxicological risk assessments, appropriate consideration should therefore be given to negative effects of contaminants on male fertility and male mating behaviour.
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Polar bears (Ursus maritimus) from East Greenland and Svalbard exhibited very high concentrations of polychlorinated biphenyls (PCBs) in the 1980s and 1990s. In Svalbard, slow population growth during that period was suspected to be linked to PCB contamination. In this case study, we explored how PCBs could have impacted polar bear population growth and/or male reproductive success in Svalbard during the mid-1990s by reducing the fertility of contaminated males. A dose-response relationship linking the effects of PCBs to male polar bear fertility was extrapolated from studies of the effects of PCBs on sperm quality in rodents. Based on this relationship, an individualbased model of bear interactions during the breeding season predicted fertilization success under alternative assumptions regarding male-male competition for females. Contamination reduced pregnancy rates by decreasing the availability of fertile males, thus triggering a mate-finding Allee effect, particularly when male-male competition for females was limited or when infertile males were able to compete with fertile males for females. Comparisons of our model predictions on age-dependent reproductive success of males with published empirical observations revealed that the low representation of 10-14-year-old males among breeding males documented in Svalbard in mid-1990s could have resulted from PCB contamination. We conclude that contamination-related male infertility may lead to a reduction in population growth via an Allee effect. The magnitude of the effect is largely dependent on the population-specific mating system. In eco-toxicological risk assessments, appropriate consideration should therefore be given to negative effects of contaminants on male fertility and male mating behaviour.
Introduction
Polar bears from Svalbard and East Greenland have been reported to contain some of the highest tissue residues of polychlorinated biphenyls (PCBs) ever observed in Arctic animals [1] . According to Derocher et al. [2] , a possible reason for the unexpectedly slow growth of the previously hunting-depleted Svalbard polar bear sub-population between 1970s and 1990s was the negative effect of PCBs on female reproduction and cub survival. High PCB concentrations were recorded in Svalbard females during that period [2, 3] . Males, however, exhibited even higher PCB concentrations than females [3] .
Cross-sectional human studies have shown that exposure to PCBs can affect male reproductive health by altering the usual sperm motility, morphology or concentration [4] [5] [6] [7] [8] . In an experimental set-up, some PCB congeners reduced sperm motility and velocity, and its capability to penetrate oocytes in rats (Rattus rattus) [4] . Dose-response data for the technical PCB mixture Aroclor & 2016 The Author(s) Published by the Royal Society. All rights reserved.
1254 and changes in several sperm characteristics have already been produced in a study performed on mice (Mus musculus) [5] . PCBs also affect the levels of reproductive hormones in male rodents [5, 6] and humans [8] . An influence of PCBs and other organochlorine compounds on the levels of some androgenic hormones has been reported for male polar bears, too [9, 10] . These chemicals were further linked to decreased penile bone mineral density [11] and decreased testis and baculum length [12] of polar bear males. Although studies of polar bear sperm quality in relation to PCBs are missing, the studies of hormones and morphology indicate a high probability that PCBs have an impact on the reproduction of male polar bears.
Successful reproduction in polar bears depends strongly on the ratio of adult mating-capable males to females available to mate in a given year: a high male to female ratio ensures that most females in oestrus are located and mated during the relatively short mating season [13] . A small proportion of males in the population might lead to low pregnancy rates and thus to an Allee effect due to limitations in mate finding [13, 14] . An Allee effect occurs when decreasing population density negatively influences some aspects of individuals' fitness or population growth [15] .
Male -male competition for females is believed to be intense [16, 17] . Richardson [16] found that body size, and hence the individual's strength, is a major determinant of male reproductive success, with larger males having higher chances of out-competing others. For example, in the Western Hudson Bay sub-population [16] , the 11 -14 year old males, which were at the peak of their physical condition, predominated among males who sired offspring.
In Svalbard, confrontational competition has also been reported as frequent [17] . Yet within this strongly contaminant exposed population [1] [2] [3] , the 11-14-year-old males sired offspring during the late 1990s and early 2000s with (slightly) lower frequency than males from other age groups [18] . In comparison to the Western Hudson Bay sub-population, they can therefore be considered to have been under-represented among males who sired offspring. This discrepancy between the two populations has hitherto been unexplained.
Despite the fact that in polar bear populations the high abundance of males capable of mating is crucial [13] and the fact that males often exhibit even higher PCB concentrations than females [19] , the negative impact of contamination on male reproduction has been studied in only a few studies (see above) and has never been evaluated in the context of population growth.
Here, we theoretically explore how pregnancy rates in polar bear females could decrease as a consequence of reproductive failure in PCB-contaminated males. A model dose-response relationship based on extrapolating the findings of experimental rodent studies was derived in order to project the possible negative effects of PCBs on the fertility of polar bear males. We use computer simulations to gain qualitative insights into how contamination could affect polar bear reproductive success. We also investigate whether the comparatively low representation of prime-aged males among males siring offspring, as reported from Svalbard [18] , suggests links to the heavy PCB contamination in males reported from Svalbard [3] between 1990 and 1994. Furthermore, we consider whether this phenomenon can be explained by various strategies of male-male competition for females, or by a combination of these factors.
Material and methods
(a) Extrapolation of the dose -response relationship for effects of polychlorinated biphenyls on male fertility from animal models
Cai et al. [5] published data on hepatic PCB tissue residues and associated increases in the percentage of abnormal sperm in mice after their oral exposure to Aroclor 1254. We fitted the published data points with an exponential function to obtain a dose-response relationship of the P PCB concentration C (mg g
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) and percentage of abnormal sperm A in mice [20] . Their study measured the probability that offspring are sired by a male mouse after a weeklong period of cohabitation with a female. In these experiments, the male mice were exposed to various reproductive toxicants. The data were extracted from their figure (fig. 4 , [20] ) using the Get Data Digitizer software (http://www.getdata-graph-digitizer.com/). All data points (for control and exposed animals) presented were used to obtain the dose-response relationship, but fertility was expressed as a percentage of the baseline (mean) fertility of mice from the control group (0.744 + 0.113; mean + 1 s.d.). The relationship between the probability of siring offspring F and the percentage of abnormal sperm A was approximated by a sigmoidal function [5] equalled 11%. We thus implemented this percentage of abnormal sperm as the border-line abnormal sperm concentration below which bears were assumed fully fertile. Because the baseline fertility of polar bear males is unknown we assumed it to be 1. By combining the two equations (2.1) and (2.2), a dose-response relationship for SPCB tissue residues and probability of reproductive failure, i.e. the probability of not siring offspring, was obtained (electronic supplementary material, figure S1 ). As the baseline percentage of abnormal sperm in polar bear males is unknown, the doseresponse relationship has to be taken as a relative measure of decrease in reproductive capacity. All data preparation and analysis in this study was performed using the statistical software R [21] .
(b) The individual-based model
To predict the number of females impregnated by the end of a mating season, we constructed a model that simulated polar bear behaviour during the mating season. A full model description following the ODD protocol (Overview, Design concepts, Details; [22, 23] ) is available as electronic supplementary material, while in the following text we present a summary description. The model was implemented in NetLogo 4.1.3 [24] . All parameter values and corresponding data sources are presented in electronic supplementary material, table S1. The model represents males and females moving within a rectangular homogeneous area where they encounter each other and temporarily form pairs. In all simulations, females were assumed to be healthy, while males could exhibit impaired fertility (implemented in the model as full sterility) depending on their P PCB rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161883
concentrations. The two focal mechanisms explored in this study were the effects of PCBs on male fertility with possible associated behavioural changes, and the effects of male-male competition for females on female pregnancy rates by the end of the mating season. Regarding male-male competition, we implemented three different types of competition systems. We either assumed that males already paired with females could never be replaced by another male, i.e. there was 'no competition', or we assumed that paired males could be replaced with a 50% probability by another male (thereafter referred to as the 'random-ruled competition'). Finally, we considered that paired males could be replaced only by a heavier (and hence stronger) male as described in [16] . This competition type is hereafter referred to as the 'weight-ruled competition'.
Using the dose-response relationships derived above, the probability of reproductive impairment in males was calculated and individuals were categorized as either fertile or sterile. Sterile males were defined as unable to impregnate a female. As it is generally unknown how PCB-associated reproductive effects are physiologically and behaviourally manifested (apart from the decreased success in fertilization), we tested four theoretical scenarios. In scenario A ('No PCB effect'), PCBs did not affect male reproduction or behaviour and all males were considered fertile. In scenario B ('Manifested sterility'), sterile males ceased entirely from engaging in mating, and hence did not form pairs or compete for females. In scenario C ('Low competitiveness'), sterile males engaged in mating, but were less competitive, i.e. if encountered by a solitary fertile male while in pair with a female they would always be replaced in the pair by the fertile male. This was irrespective of the given competition rules (as specified above). The rules however did apply in the case of an encounter of two males with equal sterility status. In scenario D ('Hidden sterility'), sterile males engaged in breeding exactly in the same way as fertile males did following the given competition rules, but failed to impregnate the females.
For every day of the mating season, the processes described in table 1 were repeated in the specified order (state variables were updated immediately, i.e. asynchronous updating, and processing of individual polar bears was randomized). The names of the implemented NetLogo procedures (submodels) within the table correspond to those in both the ODD description and the NetLogo code (see the electronic supplementary material) and are indicated in bold font.
(c) Model initialization and parameterization
The simulated area was homogeneous, had closed boundaries and measured 100 Â 400 km. One time step represented 1 day and simulations ran for 90 days, according to the approximate timespan of a breeding season based on findings from Greenland between 1988 and 1996 and earlier observations from Svalbard ( [26] and references therein). The population density was fixed at 0.011 bears km
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, as per the mean density of polar bears on Svalbard [27] . The proportion of males in the model was set to 0.66 (if not stated otherwise) to achieve the skewed sex-ratio of reproductively active individuals that is typical for polar bear populations [13, 28] . The radius within which a male is able to find a female within 1 day is unknown. However, a detection radius (encounter radius) of 5 -20 km based on expert opinion has been suggested for polar bears in the past [25] . Therefore, we arbitrarily set the detection radius to 10 km. This value ensured close to 100% pregnancy rates in trials without PCB effects and with a bear density of 0.011 bears km 22 . The parameters in the model further included oestrus length, which was set to 14 days based on the observation that oestrus lasted for 8-23 days [29] . As the mating system of polar bears is polygynous and polyandrous [18] , we allowed the females and males to enter pairs repeatedly, but only for as long as females were in oestrus and males did not achieve maximum pairing count. Molnar et al. [13] assumed that males lose energy after a number of pairings and thus stop engaging in pairings.
The maximum number of cubs sired by one male during one season was determined to be six (within four litters) in the Western Hudson Bay sub-population [16] . It is not clear whether this represents the usual or the maximum number of pairing attempts of a male bear. To avoid underestimation we set the maximum pairing count to six.
As a pairing is assumed to last from one to two weeks [28] , we set mandatory pair duration to 7-14 days (randomly selected). During each pairing period, it was assumed that the female could be impregnated by one male only, even if she had been accompanied by several partners during the pairing period. However, the female could become pregnant repeatedly (i.e. carrying fetuses from two different fathers) if she entered a second pairing period. Hence, the pregnancy variable determining the pregnancy status of a female could reach values higher than one. Following Richardson [16] , we assumed oestrus asynchrony; however, the latest date to start oestrus was set to day 75 of the mating season to ensure that all females finished oestrus by the end of the mating season.
The number of females and males created during the initialization corresponded to the defined density and proportion of males. Individuals were distributed randomly. The age assigned to males was based on an empirical distribution [18] . Employing a specific sub-model, PCB-dose-response, it was determined which males were sterile by applying the two dose-response relationships (equations (2.1) and (2.2)). The sterile males retained this status during the entire mating season.
The weight of individual males was assigned age-dependently according to a relationship described for Svalbard polar bears for the period between 1987 and 2002 [17] , with an assumed +30% variation (see electronic supplementary material, table S1 for parameter values and electronic supplementary material, table S2 for the relationship). The subcutaneous lipid P PCB concentrations of polar bear males were assigned based on age following [3] (see  electronic supplementary material, table S1 for parameter values  and electronic supplementary material, table S2 for the relationship). Owing to limited data availability, it was impossible to account for any possible differences in composition of P PCB mixtures in [5] and [3] . In order to obtain hepatic concentrations to match the units of the dose-response relationship we divided the subcutaneous lipid concentrations by a factor of 1.7 following [30] . Examples of polar bear age structure and of age-dependent P PCB concentrations and male weight distribution used as input data are shown in electronic supplementary material, figure S2.
(d) Study period
The two focal datasets used in this study originate from Svalbard from two consecutive time periods: data on PCB contamination in male polar bears originated from 1990 to 1994 [18] and genetic data from 1995 to 2006 [18] . Bernhoft et al. [3] published the only study that presented PCB concentrations of Svalbard polar bears for separate sexes and ages as required for our modelling purposes. Thus, our analysis is based on the situation as researched and evidenced in the mid-1990s.
(e) Observation
The outputs collected at the end of each simulation (i.e. mating season) were the pregnancy rates resulting from the combination of each of the four scenarios for PCB effects on male reproduction (A, B, C, D), combined with each of the three proposed competition types. Therefore, a total of 12 different scenario combinations were tested (see electronic supplementary material, table S3 for a detailed overview). Twenty simulations were run for each combination and mean results recorded.
The representation of 10-14-year-old bears among males that sired offspring was measured in order to be compared with the observed values from Svalbard [18] . We recorded the total number of days the fertile males of defined age categories (4-9 rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161883 years, 10-14 years i.e. 'the prime-aged males', and 15-19, 20-24, 25þ years) spent in pairs. Because polar bears are thought to be induced ovulators [31] , it may be assumed that a male that spends a longer period with a female will have a greater probability of inducing ovulation and siring offspring. Therefore, we derived a potential age-category representation of males siring offspring from the proportions of the total number of days that healthy males in each category spent in pairs. One hundred simulations were performed for each of the 12 combinations of PCB effect scenario and competition type and the mean result was recorded.
(f ) Analysis of model sensitivity
The influence of changes in model parameter values on final pregnancy rates among polar bear females was tested by altering the reference values of each of the model parameters (electronic supplementary material, table S1) (apart from age distribution) by +10%. The analysis was performed for all described combinations of scenarios. Six simulations were performed for each changed parameter value and the resulting mean pregnancy rate was recorded.
Results
(a) Polychlorinated biphenyl-associated reduced male fertility and pregnancy rates under different competition modes
When PCBs did not affect fertility in males (scenario A 'No PCB effect') most females were impregnated at the end of the breeding season for all competition types ( pregnancy Table 1 . Model processes and submodels repeated each time step, their order, description and further details.
process or sub-model name functioning notes
1.
initial update the number of days paired males spent with their females was updated 2.
oestrus start females confirmed whether they are in oestrus (ii) Males compete for females: when the competition type was either the randomruled competition or the weight-ruled competition, the unpaired males searched for paired males within their detection radius. In the case of a number of males being present within the detection radius, the closest one was selected. When modelling the weight-rule competition scenario the weight of males was compared and the heavier male stayed with the female. When modelling random-ruled competition, the chance of replacing a male in a pair was set to 50% regardless of weight
(i) Males search females:
In scenario B 'Manifested sterility', only fertile males were allowed to search for females and pair with them. Note: when no competition was allowed, the procedure terminated after the searching and pair formation procedures
(ii) Males compete for females:
In scenario C ('Low competitiveness'), the sterile males would always be replaced by non-sterile males but fertile males would never be replaced by sterile males. In the case of both males being equal in terms of their sterility status, the selected competition rule (either weight or random) was the determinant. Females stored the information on the sterility or fertility of their current partner. This also took place in the case of scenario D, where otherwise the competition was modelled according to the rules as described for the basic model rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161883 rates equalled 97.5%, 97.0% and 94.7% for no competition, weight-ruled competition and random-ruled competition respectively, table 2). When PCBs resulted in male infertility, pregnancy rates varied for each of the scenarios B, C and D depending on the competition type as follows:
(i) No competition
When no competition took place (i.e. females always stayed in pair with their first encountered male), very low pregnancy rates of 23.4% and 24.6% occurred for 'Low competitiveness' (C) and 'Hidden sterility' (D) scenario (table 2). These were the lowest pregnancy rates calculated for any of the scenario combinations. Scenario B ('Manifested sterility') also resulted in decreased pregnancy rates (66.2% of females becoming pregnant). However, in this case the pregnancy rates decreased much less than for scenarios 'Low competitiveness' and 'Hidden sterility' (C and D) because only fertile males engaged in pairing. The reduction in pregnancy rates was a result of a decreased fertile male/female ratio and thus lower mate-searching efficiency.
(ii) Weight-ruled competition When competition was weight-ruled, scenario 'Manifested sterility' (B) led to a pregnancy rate of 62.2%, which differed little from the previously discussed case. Scenario 'Low competitiveness' (C) combined with weight-ruled competition, on the other hand, resulted in a pregnancy rate of 84.3%, which was the highest pregnancy score for this competition type (table 2) . 'Hidden sterility' scenario (D) incurred the lowest pregnancy rate for the weight-ruled competition type, with only 52.2% of females becoming pregnant (table 2).
(iii) Random-ruled competition
Under the random-ruled competition, the 'Manifested sterility' scenario (B) led to the lowest pregnancy rate for the given competition type (58.6%), with 'Low competitiveness' and 'Hidden sterility' scenarios (C and D) producing somewhat higher pregnancy rates of 77.1% and 67.7%, respectively (table 2) .
The actual pregnancy rates for each combination of competition type and PCB effect scenario also depended on the proportion of males in the population (electronic supplementary material, figure S3 ). An increased proportion of males in the population led to increased pregnancy rates in every case under the random-ruled competition and also in the case of scenario B ('Manifested sterility') in combination with any of the competition types (electronic supplementary material, figure S3 ).
(b) Predicted percentages of prime-aged males among males siring offspring: comparison to empirical data
The computer simulations always predicted that prime-aged males would sire offspring more frequently than in the 34.4%
of cases reported for the Svalbard population [18] . In general, simulations with weight-ruled competition led to the highest overestimations, followed by simulations with random competition and simulations with no competition. When PCBs had no effect on male fertility (scenario A), the representation of prime-aged males among males siring offspring was predicted to be for the random-rule competition or no competition by 26% and for the weight-ruled competition by 41% higher than in the empirical data (figure 1). Including the negative effect of PCBs on male fertility (scenarios B, C and D) reduced the percentage of prime-aged males among those who sired offspring (figure 1). The predictions closest to the empirical value from Svalbard [18] originated from simulations with no competition and the 'Low competitiveness' scenario (C) and random-rule competition in combination with the 'Hidden sterility' scenario (D) (figure 1). In these two cases, 10-14-year-old males were predicted to be more abundant among males who sired offspring by approximately 10% and 12% (respectively) than as documented in Svalbard by Zeyl et al. [18] .
(c) Analysis of model sensitivity
The model was insensitive to changes in most parameter values for scenario A ('No PCB effect'), including those describing movement (available in electronic supplementary material, figure S4 -S6) . However, pregnancy rates were reduced in response to the shortening of the oestrus length. When PCBs were affecting male fertility (scenarios B, C and D), the model was sensitive to changes in parameters relating to the dose -response relationship and the age-P PCB concentration relationship in males (electronic supplementary material, figure S4 -S6 ).
Discussion
Polar bears typically occur in low densities and have a relatively short breeding season, which may result in difficulties in finding a suitable mate, particularly if the population is exploited by male-selective hunting [13, 14] . In the overharvested low-density sub-population of Viscount Melville Sound, Canada, a mate-finding Allee effect was suggested to have been responsible for slow population growth [14] . Our study has revealed a novel mechanism that could contribute to the incidence of Allee effects: the exposure of males to endocrine-disrupting contaminants with negative effects on fertility. We have shown that the quantitative impact of the contamination-driven mate-finding Allee effect depends on the system of male-male competition for females and on the mating behaviour of contaminated males, i.e. the extent to which sterile males engaged in mating.
In a simulated polar bear population, where PCBs compromised the fertility of males without restricting them from pairing with females (scenarios C and D), a lack of malemale competition was particularly detrimental. While a complete absence of competition is probably unlikely in real populations, it is possible that competition is limited in some areas as a consequence of abundant land masses [32] or a high degree of sea-ice fragmentation due to climate change [33] . When competition was present in our simulations and was driven by weight (size), the pregnancy rates were reduced in particular when reproductively impaired males engaged in mating as in the 'Hidden sterility' scenario (D). By contrast, the low competitiveness of sterile males (scenario C) alleviated the population-level impact (table 2) . Notably, when sterile males ceased to engage in mating altogether as in the 'Manifested sterility' scenario (B) the drop in pregnancy rates was quantitatively similar for all competition types. In this case the fall in pregnancy rates was attributable to the decrease in the healthy male/female ratio and thus a longer time to mate-encounter similarly as previously documented [13, 14] .
Although there is evidence of negative effects of PCBs on male reproduction in polar bears, their impacts on male behaviour have not been described, and we therefore tested a number of possibilities. For example, PCBs-exposed male American kestrels (Falco sparverius) increased their sexual displays [34] . This was followed by reproductive failure. Such behaviour would best correspond to our 'Hidden sterility' scenario (D). Other behavioural studies have however found the opposite: various endocrine-disrupting chemicals reduced the courtship display and aggression levels in exposed males ( [35] and references therein). This could signal lower competitiveness of such males, as modelled in our scenario C. Finally, PCBs have been described as negatively affecting immune system and causing liver and kidney lesions [36] . Therefore, affected males could be unhealthy and not participate in mating at all (scenario B 'Manifested sterility'). Our results highlight that there are profound differences in the population-level impacts of chemical contamination depending on how they influence behaviour in males. Therefore, if assessments of the impact of environmental contaminants are based exclusively on our knowledge of exposure profiles of males and a dose-response relationship to fertility, estimates of the population-level risk may be inaccurate.
In
Our model predicted that in a simulated PCB-unaffected polar bear population ( parametrized with ecological data from Svalbard and East Greenland) the 10-14-year-old males would be responsible for 43.4-48.5% of all pregnancies, depending on the assumed competition type. These males were particularly successful in fathering offspring when competition was weight-ruled.
By contrast, the genetic analysis of Svalbard polar bears from the late 1990s and early 2000s suggested that the 10-14-year-old males accounted only for approx. 34.4% of paternities [18] . Thus, according to our model, the 10-14-year-old males should have been more successful in siring offspring than has actually been documented in the field.
For comparison, in the Western Hudson Bay sub-population, males in a similar age category (11-15 years) were responsible for 46% of all paternities (based on data from 1975 to 2005, [16] ). It may or may not be coincidental that in this sub-population the PCB levels were substantially lower during the 1990s than those recorded in Svalbard [1] .
After projecting the negative effects of PCBs on male fertility into the simulations (by either scenario B, C or D) the proportion of the 10-14-year-old males among males that sired offspring was markedly reduced, thus bringing the model predictions closer to the documented value from Svalbard [18] . We propose that negative effects of PCBs on male fertility are a potential mechanism by which the reproductive success of the 10-14-year-old males may have been decreased in favour of the reproductive success of other age groups in Svalbard during mid-1990s as described by Zeyl et al. [18] .
The decrease in reproductive success of the 10-14-year-old males in the model corresponds to the very high PCB concentrations in males of this age that occurred in the 1990s at Svalbard [3] . The reasons for the very high PCBs concentrations in the 10-14-year-old males and comparatively lower concentrations in older bears at that time are not known. It may be a reflection of the timing of the cross-sectional sampling of this population [37] . Thus, rather than representing a general threat to the reproductive capacity of Svalbard prime-aged males per se, PCBs may have acted against the reproductive success of a particular group of polar bears that experienced the highest doses of PCBs and subsequently carried these burdens throughout their lives.
As the sensitivity analysis revealed (electronic supplementary material, figures S4-S6), changing the parameters describing the age-PCB concentration relationship influences the model output. The model predictions, including the impact of PCBs on pregnancy rates and Allee effect occurrence, are thus dynamic, population-specific and dependent on the contamination profile of males at a given time period.
Quantifying the long-term impact on population dynamics would require running the model over a number of years coupled with a further model that includes polar bear population dynamic processes (survival, recruitment etc.) for example as published in [19, 38] . This however lies outside of the scope of this study.
Although we have used actual body concentrations of PCBs as predictors for projecting the possible negative effects on fertility, developmental and lactation exposure has been also linked with male reproductive function alterations in later life [8] . It is a matter for further research as to whether rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161883 the highly polluted cohorts of polar bears from Svalbard have possibly also experienced high prenatal exposure that may have been detrimental to their reproduction.
Below we describe the most important factors that influence the quantitative aspects of the model predictions and these should therefore be addressed in future research in relation to Svalbard polar bears and PCB effects. Because of the quantitative impact we have demonstrated, we recommend that these factors are always taken into consideration when undertaking population-level toxicological risk assessment in relation to male fertility.
Firstly, the precise nature of the strategies governing malemale competition in any studied population needs to be clarified in order to determine which of the modelled competition types is the most appropriate for the population. In Svalbard, polar bear competition for females was reported to be confrontational [17] , but the existence of alternative dispersal-based mate-searching strategies in younger polar bears in Svalbard has been also described [17] . The fact that our simulations produced lower overestimations of prime-aged male reproductive success when competition was assumed random or none indicates that in the Svalbard sub-population the competition was limited or less size-dependent during the mid-1990s study period. This does not contradict the possible occurrence of negative effects of PCBs on male reproduction because our model predicted overestimations also for the 'no competition' and 'random competition' simulations.
Secondly, the actual age structure of the population and sexratio need to be precisely determined. We used the age structure from a capture sample [18] as input age structure for males in our model. It is possible that the capture sample did not reflect the actual population age structure precisely. A bias in age structure might have occurred, because estimating the age of Svalbard polar bears using the tooth cementum layers is problematic [18] or because younger bears have lower capture probability [39] . Notably, another publication on Svalbard polar bear population age structure [39] describing a partially different time period reports a lower frequency of 10-14-yearold adult males [39] compared with [18] . A lower occurrence of these males would influence our results quantitatively, but not qualitatively in respect to the general mechanisms discussed in this study.
Thirdly, a good understanding of individual movement patterns and mate-searching behaviour is necessary for precise estimations of encounter probabilities. For this study, we had to depend on the only data available on the movement of male bears during the breeding season, i.e. data published in relation to the East Greenland sub-population [25] . Because of the lack of more descriptive data, the principles of matesearching and animal movement implemented were simple. We were unable to address factors that could improve model realism such as response to sea-ice availability, possible aggregation or avoidance behaviour.
Finally, in order to move from the description of a general mechanism as presented in our study towards actual risk assessment, it is especially important to establish a reliable species-specific dose-response relationship for PCBs and reproductive effects. Although links between PCBs and male fertility disruption have been demonstrated in animal models [4] [5] [6] and cross-sectional human studies mostly support this evidence, some contradicting findings also exist [8] . Bearing in mind the various exposure levels and durations in studied humans, animal models and arctic wildlife, we suggest that the actual impact of PCBs on male fertility in free-ranging animals needs to be researched further. Currently, it is impossible to provide any definitive quantitative estimates of the potential decrease in pregnancy rates in polar bears and of the actual changes in the probability of fatherhood in males due to PCB contamination. We extrapolated the impact of PCBs on fertility from an experimental animal model (mice) and also estimated fertility from semen quality, which is notoriously unreliable [40] . Faced with the lack of data, we also assumed that the baseline fertility of polar bears is 1. Lower baseline fertility would naturally result in even lower pregnancy rates at the end of the breeding season.
Our study focused on the potential effects of PCBs in the mid-1990s because they had been found in high concentrations in polar bears during that period and because there are published studies documenting their effects on male reproduction in animals and humans [4] [5] [6] [7] [8] . Following a period in which a substantial decrease in PCB concentrations in polar bears occurred, concentrations have levelled off in recent years [41] . Climate change might however result in an increased consumption of contaminated food in the future [42] or generally poorer nutritional status of polar bears [43] . Starvation can increase concentrations of the contaminant in the bloodstream and potentially increase some toxicological effects [44] . It is predicted that the combination of climate change and contaminants in the environment will act against the population viability of Arctic species [45] . With the current rapid changes in environmental conditions in the Arctic, a lack of fertile males would further impede the reproductive success of females, which, in some subpopulations, already face the consequences of the reduced availability of sea-ice [43, 46] . Recent research pointed out that PCB contamination continues to threaten various marine mammals in European waters [47, 48] . For example, some European killer whale populations (Orcinus orca) exhibit PCB levels exceeding known toxicity thresholds [47] . This may be associated with impaired reproduction and documented population declines [47] . To our knowledge, very little research has been undertaken regarding the interactions of PCBs with male reproduction in cetaceans and other mammals at the top of the food chain.
Apart from PCBs, other contaminants occur in the Arctic concurrently [1, 41] . Some of these compounds, for example some brominated flame retardants and perfluorinated compounds, are suspected disruptors of male sexual function [8] . Understanding the population-level effects of exposure to hormonally active compounds should therefore be one of priorities for future conservation research. The fact that Allee effects can arise when females mate with sterile males has been described in relation to control of pests, such as insects or invasive small mammals ( [49] and references therein). To our knowledge, this effect has not been explored in a protected wild mammalian species in relation to environmental contaminants.
Conclusion and recommendations
Although our study is largely theoretical, it highlights the possibility of PCB-driven mate-finding Allee effects in polar bear populations. Therefore, in future population-level ecotoxicological risk assessments, more attention should be given to the impacts of contaminants on male reproduction along with careful consideration of behavioural aspects, such rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161883 as the competition system for females and possible changes in breeding behaviour due to intoxication.
Regarding Svalbard polar bears, our model suggests a mechanism by which PCBs may have influenced the reproductive success of some polar bear males in the past and subsequently the population growth. We recommend further research into the impact of endocrine-disrupting chemicals on polar bear male reproduction and reproductive behaviour.
Data accessibility. The model code used to generate the results is available in the electronic supplementary material.
